Normal human hepatocytes are an ideal source of liver-targeted cell therapies, such as hepatocyte transplantation and bioartificial livers, but availability of human donor livers for liver cell isolation is severely limited. To effectively utilize scarce donor organs for cell therapies, it is of extreme importance to establish an efficient isolation technique and an effective cold preservation solution for transportation of isolated cells. A lateral segment of the liver was surgically resected from pigs weighing 10 kg and a four-step collagenase and dispase digestion was conducted. Isolated hepatocytes were subjected to 8-h cold storage on ice. The following preservation solutions were tested: 1) University of Wisconsin (UW) solution, 2) UW with 100 µg/ml of ascorbic acid-2 glucoside (AA2G), 3) 100% fetal bovine serum (FBS), and 4) Dulbecco's modified Eagle's medium (DMEM) supplemented with 100% FBS. The mean viability of porcine hepatocytes was 95.5 ± 2.5% when isolated in three independent experiments. Viability, plating efficiency, membrane stability, and ammonia metabolic capacity of cold-preserved hepatocytes were significantly better maintained by the use of UW solution. When AA2G (100 µg/ml) was combined with UW solution, such parameters were further improved. It was explained by inhibition of caspase-3 activation and retention of ATP at high levels of hepatocytes preserved with UW solution containing AA2G. The present work demonstrates that a combination of UW solution with AA2G (100 µg/ml) would be a useful cold preservation means for the development of cell therapies.
INTRODUCTION
cryopreservation method, and 3) establishment of a useful gene transfer technique for the isolated and/or cultured hepatocytes. Therefore, in the present study we in-The use of normal human hepatocytes in liver-targeted cell therapies is severely limited by worldwide donor vestigated an efficient procedure for isolating hepatocytes from a surgically resected segment of the pig liver. De-liver shortage. Considering the present status, it is critical to efficiently utilize such scarce donor livers for cell velopment of an effective preservation solution allows transportation of primarily isolated hepatocytes while therapies. What remains to be seen for the resolution are the following: 1) establishment of an excellent isolation maintaining adequate quality between one center where hepatocyte isolation and/or culture can be performed and procedure for functional and uniform hepatocyte preparation, 2) development of an effective cold storage and the other where such cells are actually utilized. Thus, we 600 TAKESUE ET AL.
focused on a combination of University of Wisconsin g/L, BSA (Sigma, St. Louis, MO) 1.0 g/L, MgCl 2 6H 2 O 0.1 g/L, MgSO 4 7H 2 O 0.1 g/L, and DNase (Roche, solution (UW solution) (2,13) and ascorbic acid-2 glucoside (AA2G) as a preservation solution (1, (8) (9) (10) 17, 18) .
Mannheim, Germany) 0.1 g/L] to apply further centrifugal separation at low speed (50 × g, 75 s). The procedure UW solution was developed as an organ preservation solution for transplantation and, currently, it has been was repeated three times and the cells were dispersed with a second cleaning fluid [NaCl 7 g/L, KCl 0.46 g/L, reported to be useful as a cold preservation solution in a canine pancreatic islet experiment (9). AA2G is a potent CaCl 2 H 2 O 0.13 g/L, HEPES 2.38 g/L, BSA (Sigma) 1.0 g/L, MgCl 2 6H 2 O 0.1 g/L, and MgSO 4 7H 2 O 0.1 g/L]. antioxidant and it is capable of supplying a stable form of vitamin C. In this work, we present an effective pro-
The resultant isolated porcine hepatocytes were spread into William's E medium (Sigma) supplemented with cedure for isolating porcine hepatocytes from a surgically resected hepatic segment using a four-step dispase 10% fetal bovine serum (FBS), 1 × 10 −7 mol/L of insulin (Gibco BRL), 25 µg/L of EGF (Sigma), 1 × 10 −6 mol/L and collagenase perfusion and the effect of UW solution with AA2G on functions of 8-h cold-preserved porcine of dexamesasone (Sigma), penicillin 1 × 10 5 U/L, and streptomycin 1 × 10 5 µg/L) and seeded on six-well Bio-hepatocytes.
coat plates coated with collage type I (Becton Dickinson MATERIALS AND METHODS Co. Labware, CA) at the density of 5 × 10 5 cell/well.
Isolation of Porcine Hepatocytes
The primary culture was performed under 5% CO 2 at 37°C, as a positive control for the following cold preser-All the experiments performed on animals here were approved by the Institutional Ethical Committee and were vation experiment. thus under approved guidelines. Male Randrace pigs, Cold Preservation of Primarily Isolated weighing 10-15 kg, were used for a hepatocyte isolation Porcine Hepatocytes experiment. Ketamine hydrochloride (10 mg/kg) (Sankyo The resultant hepatocytes with more than 90% viabil-Co., LTD., Tokyo, Japan) was intramuscularly used to ity assessed by a trypan blue exclusion test were subput the animals under sedation. An auricular vein was jected to a cold storage experiment. The following four secured to give droperidol 0.5 mg/kg (Sankyo Co.) and preservation solutions were used in an 8-h cold preserva-IV administration of pancuronium bromide (Sankyo Co.) tion of primarily isolated porcine hepatocytes: 1) UW (0.08 mg/kg) was performed to achieve muscle relaxsolution (kindly provided by ViaSpan and Fujisawa Pharation. After intubation, pigs underwent an abdominal opmaceutical Co., Ltd., Osaka, Japan) containing 100 µg/ eration under general anesthesia using sevoflurane (Daiml of ascorbic acid-2 glucoside (AA2G) (UW solution + nippon Pharmaceutical Co., LTD, Osaka, Japan). A lateral AA2G) (group A), 2) UW solution only (group B), 3) segment of the pig liver was surgically removed (by 100% FBS (Sigma) (group C), and 4) Dulbecco's modiabout 80 g) and perfused from portal and hepatic veins fied Eagle's medium (DMEM) supplemented with 10% in a resected surface to flush out blood. Hepatocyte iso-FBS (group D). Primary isolated porcine hepatocytes lation was performed according to the procedure as folwere assigned to any of the four groups. The cells were lows. First, the resected liver segment was perfused with suspended in each preservation solution with the final a primary perfusion solution (NaCl 9 g/L, KCl 0.42 g/L, concentration of 1 × 10 6 cells/ml and preserved for 8 h NaHCO 3 2.1 g/L, glucose 0.9 g/L, HEPES 4.78 g/L, and on ice at 4°C. EGTA0.37 g/L), followed by perfusion with a second Viability of Porcine Hepatocytes After 8-h perfusion solution without EGTA (NaCl 9 g/L, KCl 0.42
Cold Preservation g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, and HEPES 4.78 g/L). Next, the liver was perfused with dispase solution Cell viability and living cell number were measured (NaCl 9 g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose after 8-h cold preservation using a trypan blue exclusion 0.9 g/L, HEPES 4.78 g/L, and dispase (8.4 g/L) (Gotest. doshusei Co., Ltd, Tokyo, Japan) at 39°C. Finally, the Assessment of Membrane Stability liver was perfused with collagenase solution [NaCl 9
Hepatocytes preserved for 8 h were resuspended with g/L, KCl 0.42 g/L, NaHCO 3 2.1 g/L, glucose 0.9 g/L, PBS containing various concentrations of Triton X (CN HEPES 4.78 g/L, collagenase 0.5 g/L (Nitta Gelatin Bioscience, Inc.) for 5 min to measure release of lactate Inc., Osaka, Japan), and CaCl 2 H 2 O 0.55 g/L] at 39°C. dehydrogenase (LDH) by ELISA (Becton Dickinson After perfusion, the liver capsule was cut out and the Co.). cells were dispersed into the collagenase perfusion solu-Cell Morphology and Plating Efficiency of Porcine tion. Then the cell-floating solution was filtered with 75-Hepatocytes Preserved for 8 h µm mesh to centrifuge at 50 × g for 2 min. The pellets were redispersed with a primary cleaning fluid [NaCl 7
After cold preservation, cell morphology and plating efficiency were evaluated in each preservation solution. g/L, KCl 0.46 g/L, CaCl 2 H 2 O 0.13 g/L, HEPES 2.38
Hepatocytes were seeded in the six-well Biocoat plates Tokyo, Japan) at an equal amount as pellets to release intracellular ATP. Luciferinluciferase (Lucifer LU, Kik-coated with type I collage at the concentration of 5 × 10 5 cell/well and cultured with the hepatocyte culture me-koman, Tokyo, Japan) was administered at the same amount as pellets to measure a 560-nm luminescence dium of William's E medium supplemented with 10% FBS, 1 × 10 7 mol/L of insulin (Gibco BRL), 25 µg/L of using Lumiphotometer TD-4000 (Labo Science). EGF (Sigma), 1 × 10 −6 mol/L of dexamesasone (Sigma), Statistical Analysis penicillin 1 × 10 5 U/L, and streptomycin 1 × 10 5 µg/L, The Dunnett test was applied to test the significant under 5% CO 2 at 37°C. Cell morphology was carefully difference among the four groups. A value of p < 0.05 examined using an inverted phase contrast microscope.
was considered significant. Plating efficiency of cold-preserved hepatocytes was measured with 3-[4,5-dimethylthiazol-2-yl]-2,5-diphe-RESULTS nyltetrazolium bromide (MTT) colorimetric assay (Sigma).
UW + AA2G Maintained High Cell Viability An MTT reagent was added to the culture medium to incubate at 37°C for 3 h, and 150 µl isopropanol was Porcine hepatocytes, of which the mean viability imadministered into each culture to measure an absorbance mediately after isolation in the three different experiments at 450 nm using a Multiskan MS (Lifescience Internawas 95.5 ± 2.5%, were used for the present preservation tional, Tokyo, Japan).
experiment. We examined cell viability to compare each preservation solution by a trypan blue exclusion test.
Ammonia Clearance Test
The viability of 8-h cold-preserved porcine hepatocytes Ammonia metabolic activity was measured to assess was 94.9 ± 2.1% for UW solution + AA2G (group A, 8-h cold-preserved hepatocyte function. Hepatocytes n = 4), 90.1 ± 2.8% for UW solution (group B, n = 4), were seeded on six-well plates at the density of 1 × 10 6 77.3 ± 3.8% for FBS (group C, n = 4), and 70.0 ± 4.1% cells/well and maintained with the hepatocyte culture for DMEM (group D, n = 4). Hepatocyte viability was medium, mentioned above. Twenty-four hours after platmaintained significantly better in UW solution-applied ing, 0.56 mM of ammonium sulfate was loaded to each groups A and B. Viability of UW + AA2G-preserved culture medium. Ammonia levels were determined using hepatocytes was most favorable, which was compatible a Fuji Dry-Chem slide (Fuji Co., Tokyo, Japan).
with that of hepatocytes after immediate isolation, without significant difference with UW alone (Fig. 1) .
Western Blot Analysis for Caspase-3 Expression
UW + AA2G Significantly Maintained To evaluate an antiapoptosis effect of each cold preser-Membrane Stability vation solution, proteins extracted from 8-h cold-preserved porcine hepatocytes were subjected to Western blotting Cold-preserved hepatocytes were treated with Triton analysis for caspase-3 expression, as previously described X to assess membrane stability by measuring LDH re- (12) . The samples were dissolved in cell lysis buffer and lease. Membrane stability of hepatocytes preserved with subjected to electrophoresis using 12% SDS-PAGE after UW + AA2G (group A) was significantly better mainadjusting proteins to 30 µg per lane. Samples were then tained compared with other solutions (groups B, C, and transferred to nitrocellulose membrane (Amersham, Tokyo, D), reflecting high cell viability and efficient attachment Japan) and blocked with skim milk. Rabbit polyclonal onto culture dishes (Fig. 2) . antibody against porcine anti-caspase-3 (1:100) (Calbio-Plating Efficiency and Morphology Were Favorable chem) and horseradish peroxidase-labeled rabbit antiin UW + AA2G IgG antibody (1 : 2000) (NBL, Nagoya, Japan) were used as primary and secondary antibody, respectively. Detec-Favorable plating efficiency assessed by an MTT assay tion was performed using an ECL detection kit (Amerwas observed in hepatocytes of groups A [0.81 ± 0.05 of sham) and a Coomassie brilliant blue stain was used to relative percentage viability (RPV)] and B (0.80 ± 0.06 evaluate whether samples were equally loaded. The deof RPV) in which UW solution was applied, indicating tected bands were quantitatively assessed using NIH imefficient cell adhesion onto culture dishes with showing age Ver.1.62. typical cobblestone morphology (Fig. 3) . These values were favorably compatible with those (0.82 ± 0.05 of RPV)
Measurement of Adenosine 5′-Triphosphate (ATP)
of immediately isolated porcine hepatocytes. There was no significant difference between UW-utilized groups A Intracellular ATP levels of 8-h cold-preserved porcine hepatocytes in each group were measured with a and B, but the former showed a better result. A considerable number of floating dead cells was observed in FBS-biochemiluminescence analysis method (5). Hepatocytes were centrifuged at 50 × g for 2 min, washed with PBS, preserved hepatocytes (group C) and in DMEM-preserved hepatocytes (group D). and added with an ATP releasing reagent (Labo Science, Hepatocyte viabilities assessed by a trypan blue exclusion test were 94.9 ± 2.1% for AA2G-added UW solution (group A), 90.1 ± 2.8% for UW solution (group B), 77.3 ± 3.8% for FBS (group C), and 70.0 ± 4.1% for DMEM (group D). Viabilities of hepatocytes preserved with UW (groups A and B) were maintained significantly better (p < 0.05).
UW + AA2G Maintained Ammonia Clearance Activity
findings demonstrated that UW solution inhibited activation of caspase-3, leading to protection of cold-preserved Ammonia clearance capacity was measured to evaluhepatocytes. ate metabolic function of porcine hepatocytes after 8-h cold preservation. The clearance rates for 12 h after am-ATP Levels monia loading were 56.2 ± 5.8% for UW + AA2G (group Intracellular ATP level of freshly isolated porcine he-A), 40.3 ± 6.8% for UW (group B), 23.9 ± 5.9% for FBS patocytes was 4.8 ± 0.8 × 10 −15 mol/cell, which was used (group C), and 17.5 ± 6.2% for DMEM (group D). The as a positive control. When compared with this positive clearance rates for the next 12 h were 34.0 ± 4.9% for control value, relative ATP levels of hepatocytes were group A, 26.6 ± 5.1% for group B, 18.2 ± 4.8% for group 81.8 ± 8.2% for group A, 76.2 ± 7.5% for group B, 60.8 C, and 14.6 ± 0.2% for group D. At 48 h after loading ± 6.9% for group C, and 58.2 ± 7.6% for group D, rethey were 26.9 ± 4.6% for group A, 13.2 ± 5.1% for group spectively. There were no significant differences among B, 6.2 ± 4.2% for group C, and 3.0 ± 3.9% for group D.
the groups, but group A hepatocytes maintained the Finally, at 72 h, they were 21.2 ± 5.0% for group A, 21 highest level of ATP. ± 3.3% for group B, 11.8 ± 5.3% for group C, and 0.3 ± 2.3% for group D, respectively, as shown in Figure 4 . DISCUSSION In all time frames examined, ammonia-metabolizing ac-It is important to effectively utilize limited donated tivity was best maintained with UW-utilized groups A organs for the development of liver-targeted cell theraand B hepatocytes (Fig. 4) .
pies. The following technologies need to be established UW + AA2G Inhibited Caspase-3 Activation to resolve this problem: 1) effective hepatocyte isolation, 2) effective cold storage and/or cryopreservation of Expression of pre-caspase-3 of group A hepatocytes was most intense, whereas that of hepatocytes of group isolated cells, and 3) useful gene transfer technique into such cells. Therefore, we performed basic research of 8-h B, C, and D was identified very little (Fig. 5 ). Activated form of caspase-3 was not detected in hepatocytes im-cold preservation of hepatocytes obtained from a surgically resected segment of a pig liver as an experimental mediately after isolation, used as a positive control (Fig.  5 ). Caspase-3 activation was slight in group A hepato-model to achieve the goal. We obtained the results that UW solution containing AA2G adequately maintained cytes, whereas increased acaspase-3 activation was detected in groups B, C, and D hepatocytes. Using NIH cellular viability, ATP content, membrane stability, plating efficiency, and ammonia metabolic capacity of cold-image analysis, relative ratios of activated form of caspase-3 of group A hepatocytes to groups B, C, and D preserved porcine hepatocytes. UW solution is an innovative organ preservation fluid hepatocytes, compensated with an internal control actin expression, were 1.7, 1.9, and 2.8, respectively. These developed by Belzer et al. in 1987 and no solution that outperforms UW has been developed to date (2,13,15). study, UW solution proved to be effective for cold preservation of isolated porcine hepatocytes. One of such The previous organ preservation solutions were electrolyte fluids that were similar to extracellular composition mechanisms was that activation of caspase-3 was inhibited to exert an antiapoptosis effect on cold-preserved or autologous blood. However, in such solutions, activity of Na/K ATPase and Ca/Mg ATPase stops at low hepatocytes (Fig. 5 ). Significantly higher amounts of ATP were retained in hepatocytes preserved with UW temperature and Na/K and Ca/Mg pumps do not operate, which results in considerable cell swelling. In the devel-solution (groups A and B). Next, we utilized a vitamin C derivative, AA2G, to opment of preservation solutions, Belzer et al. aimed at preventing cell edema and intracellular acidosis at low increase the effect of UW solution. In organ preservation experiments using vitamins, investigators reported that temperature and facilitating reproduction of ATP. To achieve these, UW solution employed the following antioxidant vitamins decreased ischemic reperfusion injury, leading to protection of transplanted organ (11, 14) . components: 1) lactobionate (which prevents cell edema and acidosis), 2) trisaccharide raffinose (which increases Of these, ascorbic acid (AA), has been demonstrated to inhibit ischemic reperfusion injury by its potent reduc-a colloid osmotic pressure), 3) glutathione, adenosine, and allopurinol (which facilitate reproduction of ATP tive effect. However, application of AA to organ preservation solutions is difficult because AA is chemically and prevent active oxygen-induced cellular damages), and 4) intracellular fluid type electrolyte composition unstable and rapidly deactivated when dissolved into water or exposed to air. To overcome such problems, we with high potassium and low sodium (2,15). In this have developed 2-O-alpha-glucopyranosyl-L-ascorbic acid enables continuous administration (1,8-10,17,18). When administered in vivo, AA2G is immediately metabolized (AA2G). AA2G is constructed by α-glucosidase and cyclomaltodextrin glucanotransferase (CGTase) through by α-glucosidase in various types of cells, including hepatocytes, to exert its effect by releasing an activated transglucosylation from glucose including cyclomaltodextrin into AA (17) . AA2G itself does not have reduc-form of AA. Therefore, unlike conventional vitamin C drugs, AA2G is much less affected by oxidation and can tive property and is a very stable form of AA-glycoside under high/low temperature or oxidative conditions be easily stored for a considerably longer period of time.
Based on such properties, we have continuously studied compared with naive AA (1,8-10,17,18). A series of our experiments has shown that AA2G has a cytoprotective AA2G as a useful means for organ transplantation and reported its potent reduction activity by scavenging reac-effect even at low concentrations without showing any in vivo toxicity and that its sustained release mechanism tive oxygen species, such as hydroxy radicals, in ische- mic reperfusion injury models (7, 14, 19) . In this study, serious donor liver shortage and have important meaning for future development of liver-targeted cell and gene addition of 100 µg/ml of AA2G into UW solution significantly maintained cold-preserved hepatocyte func-therapies. tion. The mechanism provided from a molecular biologi- cytes is achieved through portal cannulation following 1988. systematic perfusion; however, such a procedure is real-
